ESR linewidths have been used to study the dynamics of molecules in liquids. The correlation times characteristic of both the anisotropic g-values modulated by molecular tumbling (r 8 } and spin-rotational interactions modulated by collision-induced changes in molecular angular momentum (rsR) are considered If isotropic rotational diffusion is assumed, a minimum linewidth as a function of temperature is predicted. Furthermore, r 8 can be set proportional to r 3 x, where x depends upon intermolecular torques and forces and r is the translational diffusion radius, and in many cases x is independent of temperature for a given solvent; similarly, in rotational diffusion theory, rsR = (Jj6kT) r 0 1 where I is the moment of inertia. The predicted and measured minima in linewidths often differ from each other, and the discrepancy can be attributed either to anisotropic diffusion or, equally weil, to the inadequacy of the expression above for rsR· Studies have been carried out for (n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN) 4 in n-butanol, and in CHCI 3 • lf anisotropic rotational diffusion is assumed, the discrepancy in the linewidth minimum can be explained if (D 11 /D _]_) ~ 2.2 in both butanol and CHCI 3 • To correct the relationship between r 8 and r 8 R, one can show on the basis of Ivanov's jump model thaLr 9 rsR = (Ij6kT) e6{1 -A. 2 )-1 where e 0 is a mean rotational jump and A. 2 is a function of e 0 and the spread in jump angles. The value (0.81) of c5(1 -A. 2 )-t, required to correct the linewidth minimum, indicates small jumps with a large spread in jump angles.
INTRODUCTION
The study of magnetic resonance linewidths and spin-relaxation times in liquids yields correlation times for molecular reorientation. These correlation times describe the time dependence of single particle autocorrelation functions of a second rank rotational tensor. ( 1) where rt is the coefficient of shear viscosity, T is the absolute temperature, k is the Boltzman constant, r is the translational diffusion radius of the spherical molecule, and x is a parameter which accounts for the deviations of the Debye results from the experimental values. The time r 8 can be obtained from magnetic resonance experiments, rt/T can be measured directly, and the radius r can be determined from translational diffusion experiments. The parameter x for a given solute molecule appears to be independent of 11/T for a number of different solvents but can differ from solvent to solvent. This parameter has been recently interpreted in terms of equilibrium ensemble averages as 5 : (2) where !!7 is the intermolecular torque, ff is the intermolecular force, r is the hydrodynamic radius of the solute molecule.
In this article we discuss a case where the parameter x appears to be strongly dependent upon 11/T, i.e. (n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN)Z in the strongly hydrogen-bonded solvent, n-butanol. We also study this radical in CHC1 3 and find that x for this system appears to be independent of 11/T. We then interpret the data, along with that for other paramagnetic species in alcohols, in several different ways, all of which reflect the dynamical behaviour of the liquid. In particular, we show that x may actually be constant even in the hydrogen-bonded solvents if the data is analyzed properly.
GENERAL THEORY
The esr linewidth of (n-C 4 H 9 ) 4 N·NiS 4 C 4 (CN) 4 in n-butanol was studied as a function of temperature. The free radical has no resolvable hyperfine structure and the spectrum, except at very low temperatures where the simple motional narrowing theory breaks down, consists of a single nearly Lorentzian line. The linewidth, 11H, is the peak to peak width of the first derivative of the absorption spectrum (see Table 1 ) (see the Appendix for viscosity measurements on butanol).
In the motionally narrowed limit (Redfield iimit), the linewidth arises primarily from reorientational averaging of the anisotropic g-tensor and from angular momentum averaging of spin-rotational interactions through collision-induced changes in the angular momentum. H the rotational motion can be described in terms of a spherically symmetric diffusion model 7 , and if the angular momentum correlation time is short compared to that for 208 
where gxX' gvY' gzz are components ofthe diagonalized g-tensor in the molecular coordinate ·system. In obtaining equation 7 we have assumed that the spinrotational correlation time, -r~J, about the a-principal molecular axis is given by the Hubbard expression
where k is the Boltzmann constant and lrx is a moment of inertia about the a-axis. lt is usually assumed that this expression is valid provided (9) a condition satisfied in the experiments described here. However, in a later section weshall discuss the validity of equation 8.
For the (n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN) 4 molecule in butanol we determined the g-tensor from measurements in the butanol glass at 77 K:
We assumed that these values were unchanged in the liquid. For the radical in CHC1 3 we assumed the g-tensor determined by Maki et al 6 • for this radical in a CHC1 3 -DMF glass:
The experiments were carried out at w 0 = 5 x 10 10 s- excess of the theoretical width over that observed. A more careful analysis indicates that the assumption of isotropic rotational diffusion, implicit in equation 3, need not be applicable; furthermore, the assumption, implicit in the derivation of equation 3, that the spin-rotational correlation time, r 8 R, is proportional to r; 1 (i.e. equation 8), may be invalid. In the next section we will consider anisotropic diffusion and in a later section we will study r sR.
ANISOTROPie DIFFUSION
Although we should consider totally anisotropic rotational diffusion, and the diffusion tensor and the g-tensor need not necessarily be diagonal in the same coordinate system, the accuracy of the experimental data does not warrant the use of so many adjustable parameters. Therefore, we will assume axially symmetric anisotropic rotational diffusion for which the unique principal axis lies along the molecular z-axis, i.e. the axis along which gzz is specified. In this case, equation 3 can be rewritten as 
where m = 0, 2; (11) and D 11 and D1_ are the elements of the rotational diffusion tensor along and perpendicular to the molecular z-axis, respectively.
We can now calculate tJ.H as a function of the two parameters, r 20 and x, where x is the dimensionless variable
!zz (12) We find that the minimum calculated value of tJ.H can be made to agree with the o bserved value only for unique values of x and r 20 , i.e. r 20 = 5.2 ~ 10-11 s and x = 1.80. This value of x is equivalent to the statement that D 11 = 2.2 D 1_, which means that rotational diffusion is twice as fast about the molecular z-axis as about the other two axes, a result that is quite reasonable for a planar radical with the molecular z-axis perpendicular to the plane. lt should be reemphasized that we cannot be sure that the rotational diffusion is axially symmetric, but it should also be noted that the value of the minimum in tJ.H is a sensitive function of the ratio x. Furthermore, different results would be obtained if D 11 were along either the x or y molecular axes, but it seems reasonable in this nearly planar molecule to assume that the unique axis of the diffusion tensor is normal to the plane.
We have assumed that the ratio x is independent of temperature and viscosity, a result which follows if the Stokes-Einstein relation holds for both r 20 2 -in solution by assuming that x is temperature independent.) We have then used equation 10 to calculate M as a function of -r 20 with x = 1.80 (Figure 1) . Clearly, the variation of ~H with changes in r 20 is very slight near the minimum, and great uncertainty We can next use Figure 1 and the experimentally determined linewidths in Table 1 to obtain r 20 as a function of 11/T, and we can combine these results with equation 1 to determine r 3 x as a function of (1J/T), provided we associate r 20 with r 8 . We have not measured the translational diffusion constant, and could not, therefore, determine r directly or its dependence on (tJ/T). Instead, we also used the methods outlined above to determine r 3 x for (n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN) 4 in CHC1 3 , a weakly hydrogen-bonded solvent, and we assumed that x = 1 in the high temperature Iimit for this solvent.
The data in this solvent are given in Table 2 ; the tlil versus r 20 curve is very similar to that in Figure 1 provided the appropriate g-values are used. The value ofx is equal to 2.0 in CHC1 3 . We found by this method that r 3 = 64.6 A 3 and in CHC1 3 , x is essentially independent of (1J/T) ( Figure 2 ). x = 1.80. The components of the g-tensor are those given in Table 2 .
The values of r 3 x in butanol can then be combined with the value of r 3 determined in CHC1 3 to yield values of x as a function of 11/T in butanol.
The relative x values are more significant than are the absolute values. In Figure 2 , x is plotted as a function of (1J/T) and it is seen that in butanol it varies very markedly. Note that because the molecule and the diffusion tensor are not spherically symmetric, the hydrodynamic radü cannot be simply related to the molecular radius no Ionger apply. Elsewhere 12 we have shown that the Redfield Iimit applies provided The graph in Figure 2 indicates that for r 20 < 4.2 x 10-10 s, the variation of x in hutanal is nearly linear in log (1J/T). We can plot the straight line x = -0.19 log 11/T + 0.0402 (14) through the data. The deviations from this line at r 20 > 4 x 10-10 s can be attributed to the breakdown of Redfield theory. so that intermolecular spin interactions could be neglected. In the analysis we have assumed that even in liquid solution, the elements of the g-tensor are those determined from measurements made in the glass at 77 K. There are small shifts in the isotropic g-value but whether or not there are significant changes in gxx' ·gw and gzz' we do not know. Of course, if they do change appreciably, our ·t:mtire analysis is open to question, particularly since the calculated widths aresensitive to the values of (gxx -gyy). In CHC1 3 , x = 2.0. In CHC1 3 the parameter x is independent of (1J/T) as it appears to be for radicals in many non-hydrogen-bonded or weakly hydrogen-bonded solvents. 4 However, in hutanal the parameter x appears to vary strongly with (1J/T); in fact, at high temperature (small r 20 ) , the variation appears to be linear in log 11/T. For r 20 > 4.2 x 10-10 s, the variation of x with 11/T becomes more rapid, but the theory of line shapes indicates that the simple formulas, equations 3 and 8, do not hold in this region 12 • 13 . Thus we might attribute the high temperature variation of x, as described in equation 14, to the breakdown of the Stokes-Binstein-Debye relationship for r 20 as a function of 11/T; and the additional variation at lpw temperatures to the breakdown of spin relaxation theories valid only in the Redfield limit 12 . The parameter x, as defined in equation 2, relates intermolecular torques to intermolecular forces. At high temperatures the hydrogen bonding in hutanal is less important than at low temperatures, and for anisotropic solute and solvent molecules, x should be relatively large. At low temperatures, one would expect the translational motion of the solute radical to be greatly impeded by the strongly hydrogen-bonded solvent network, but the rotational motion of the large solute molecule would be less affected because it already exsists in a cavity in which the network has been broken andin which it can rotate relatively freely. Thus x should decrease at low temperatures as 214 observed. In the following sections, however, we shall argue that x may be constant. In this connection it is interesting to note that in paramagnetic molecules with nuclear hyperfine interactions, the reorientation time can be determined independently of the spin rotational effects and a corresponding x can be determined. 14 Vanadyl acetylacetonate has been studied in various solvents and the x values appear to be temperature independent 14 even in butanol. 16 (Some recent preliminary data seems to indicate that there may be some decrease of x with decreasing temperature 15 .) Note also that the x determined for Cl0 2 in n-butanol
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, a x which is related to spin-rotational interactions, seems to vary with (rJ/T) whereas in 'normal' solvents this is not the case 4 • Furthermore for Cl0 2 in tris(butyl) phosphate, a very viscous solvent, the x obtained for spin-rotations differs from that obtained for reorientation 16 a. Throughout it has been assumed that x is a scalar but in reality it is a . tensorial molecular property. Thus for an ellipsoidal molecule, x should have two values if diagonalized in the same frame in which the rotational diffusion tensor is diagonal. Thus r 20 and r 22 depend upon r~0 x 20 and rhx 22 respectively, where r 2 n and ·x 2 n are the appropriate hydrodynamic radii and xs 10 .t Since we are primarily interested in the temperature variation of x, and not its absolute value, our results are not altered in any fundamental way by the anisotropy of r~nX 2 n·
SPIN-ROTATIONAL CORRECTIONS
The discrepancy between the minimum AH obtained by means of equation 3 and that observed experimentally can alternatively be explained on the basis of a correction introduced in the relationship between spin-rotational correlation times and reorientation correlation times, i.e. corrections to equation 8. If we assume that the rotating molecule is trapped, i.e. it oscillates over a small angle, for a time r ·and is then released by solvent fluctuations 17 so that free rotation can occur for a very short time rr, (rr ~ r), then the step model of lvanov 18 can be applied. The reorientation correlation time, -ro, for a second rank tensor is, according to lvanov,
where 1 2 is a function of the mean rotational jump angle, e 0 , and of the width a, of the distribution of jump angles. Fora reetangular distribution of jump angles,
(JJ
a cos e 0 sm 2 + 2 cos e 0 sm a + 4 .
t For an ellipsoidal molecule 9 with principal axes of length x = y = 2b and z = 2a,
If we now assume that where I is a mean moment of inertia, it readily follows that
This equation differs from equation 8 by the factor e~(1 -A-2 )-1 , and it is interesting to study this factor in various Iimits. For 'small jumps' 4 in butanol can then be made to agree with the observed value if e6(1 -A-2 ) -1 = 0.81 and "Co = 4 x 10-11 s. For the same radical in CHC1 3 , eÖ(l -A-2 )-1 has the same value. If e~(l -A-2 )-1 is assumed independent of temperature, the ilH versus "Co curve can be plotted as shown in Figure 1 , and the same results, as described above in the anisotropic rotational diffusion calculations, are obtained for the dependence of x upon (rr/T).
If the interpretation given above is responsible for the observed decrease in the minimum value of ilH over that predicted by equation 3, then since e6(1 -A-2 )-1 < 1, equation 20 must be applicable. This implies that reorientation takes place by small jumps, and since e6(1 -A-2 )-1 = 0.81, the width of the reetangular distribution of jumps is a = 1.5 e 0 , i.e. the range of angular jumps e is 0.25 e 0 < e < 1. 75 e 0 .
The analysis above depends upon the assumption that 't"SR is given by equation 19 . In this approximation 't"SR is equal to the correlation time for angular momentum, although 't"SR also involves a reorientation contribution; for small e 0 the approximation should be valid 8 also indicates that the simple theory in equation 3 does not hold in hydrogen-bonded solvents. Although the problern is complicated by unresolved N-hyperfine structure, it appears that the minimum LVI is larger than that predicted by equation 3, and that x decreases with decreasing temperature as it does in the present work. Since the molecule is a spherical top, the rotational diffusion is probably isotropic and the increase in the minimum may be due to the c:~(l -Az)-1 factor; ifthis is so, c:~(l -A 2 )-1 > 1, and rather big rotational jumps must take place. Of course, the increase in the minimum ß.H may be due to other relaxation mechanisms 21 • (Note that in the present work the observed minimum is less than that predicted on the basis of equation 3).
Angerman and Jordan 16 in their studies of vanadyl acetylacetonate in alcohols analyzed the spectra in terms of the linewidth formula 14 ß.H = a' + a" + ßlz + yl~ (21) where lz is the quantum nurober of the vanadyl spin along the applied field.
They measured ß and y as functions of temperature and from these they were able to measure r 8 and to determine that :x is independent of temperature. With these values of rfh (or :x), they were able to calculate a' and thus determine the residual width, a". If this residual width is attributed to spin-rotational relaxation 8 • 14 , and ifthe Hubbard relation, equation 8, holds, then a" is given by the og 2 terms of equation 3. Jordan et al. found that a" was larger than the predicted value and the discrepancy increased with decreasing temperature. It seems unlikely that the discrepancy in a" is due to other relaxation mechanisms because most other possible relaxation mechanisms would become less important at lower temperatures 21 . It can also be seen from the data of Angerman and Jordan that the minimum M predicted by equation 3 is greater than that observed. All these data can be rationalized by assuming that :x is constant 22 and, hence, the Debye law holds, provided the spin rotational contributions require a temperature dependent e~(1 -Az)-1 factor.
Near the minimu~ in ö.H, it is seen that c:~(1 -Az)-1 < 1 for vanadyl acetylacetonate as weil as for (n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN) 4 ; as the temperature decreases, e6(1 -A 2 )-1 increases, and the value of a" increases over that expected on the basis of equation 3.
In the paragraph above, if (a' + a') for vanadyl acetonate were analyzed as it was for (n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN) 4 , and the values of r 8 and x were not determined from the hyperfine measurements, i.e. from ß and y, we would find that x decreased with decreasing temperature. Therefore, we might speculate that x, in fact, is constant in all the experiments described here: 217 (n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN) 4 , vanadyl acetylacetonate and K 3 W(CN) 8 ; that near the minimum ßH, the factor s6(1 -A-2 )-1 that alters the spin-rotational contribution is less than unity for (n-C 4 H 9 ) 4 N · NiS 4 CiCN) 4 and vanadyl acetylacetonate, but greater for K 3 W(CN); that in hydrogen-bonded solvents s~(l -A-2 )-1 decreases with increasing temperature, i.e. c: 0 decreases with increasing temperature. This interpretation is compatible with that of Gutowsky et al. 19 and with the activation energy results of Loewenstein et a/. 20 The results of Burlamacchi and Romanelli 16 a could also be explained on the basis of equation 19. As a final word of caution note that in the study of(n-C 4 H 9 ) 4 N · NiS 4 C 4 (CN1. in butanol and CHC1 3 , the deviations from equation 3 could be explained equally weil in terrns of either anisotropic diffusion or in terms of isotropic 'lvanov jumps'.
